abstract: Although predation is thought to affect species divergence, the effects of predator-mediated natural selection on species divergence and in nonadaptive radiations have seldom been studied. Wing melanization in Calopteryx damselflies has important functions in sexual selection and interspecific interactions and in species recognition. The genus Calopteryx and other damselfly genera have also been put forward as examples of radiations driven by sexual selection. We show that avian predation strongly affects natural selection on wing morphology and male wing melanization in two congeneric and sympatric species of this genus (Calopteryx splendens and Calopteryx virgo). Predation risk was almost three times higher for C. virgo, which has an exaggerated degree of wing melanization, than it was for the less exaggerated, sympatric congener C. splendens. Selective predation on the exaggerated species C. virgo favored a reduction and redistribution of the wing melanin patch. There was evidence for nonlinear selection involving wing patch size, wing patch darkness, and wing length and width in C. splendens but weaker nonlinear selection on the same trait combinations in C. virgo. Selective predation could interfere with species divergence by sexual selection and may thus indirectly affect male interspecific interactions, reproductive isolation, and species coexistence in this genus.
Our knowledge about the role of predation in evolutionary divergence is more limited than it is for other ecological factors such as competition for food or other resources (Schluter 2000a (Schluter , 2000b Buckling and Rainey 2002; Rundle et al. 2003; Dayan and Simberloff 2005) . To increase our knowledge in this area, the study of selection in natural populations (Lande and Arnold 1983 ) therefore needs to be combined with ecological information about selective causes, such as predation and other biotic interactions (Ridenhour 2005) . Predation and other species interactions are of interest because they often cause strong selection and rapid evolutionary change in natural populations (Thompson 1998) and such interactions could lead to geographic selection mosaics across a species' distributional range (Brodie et al. 2002; Thompson and Cunningham 2002; Benkman et al. 2003) .
Predation has been argued to increase species divergence in phenotypic traits, and it could thereby facilitate species coexistence (Ricklefs and O'Rourke 1975; Brown and Vincent 1992; Abrams 2000; Doebeli and Dieckmann 2000) . Conversely, other workers argue that predation should constrain species divergence by reducing the population densities of competing prey and thereby ameliorate competition-mediated divergence (Buckling and Rainey 2002; Dayan and Simberloff 2005) . Current empirical evidence does not allow any firm conclusions about which of these scenarios is most frequent in natural environments (Schluter 2000a; Vamosi 2005 ).
There are relatively few studies on predator-mediated divergence of life-history traits or secondary sexual characters (Day and Young 2004) , and most previous studies on the ecology of species divergence instead focus on traits important in resource utilization (Schluter 2000b; Dayan and Simberloff 2005) or antipredator defensive traits (Vamosi and Schluter 2004; Vamosi 2005 ). Secondary sexual characters should make prey particularly sensitive to predation because they should increase detectability of males by predators (Kotiaho 2001) . Although comparative studies indicate that the mortality costs of secondary sexual characters may be important (Promislow et al. 1992) , empirical evidence from natural populations is still very limited for predation costs of such traits (Endler 1983; Kotiaho 2001) . Because secondary sexual characters also frequently function as species isolation mechanisms (Saetre et al. 1997; Coyne and Orr 2004) , predation could potentially lead to indirect effects on species recognition.
Damselflies of the genus Calopteryx occur in Europe and North America and are characterized by their melanized wing patches in males, which have important functions in intra-and intersexual selection (Svensson et al. 2004; Tynkkynen et al. 2004 Tynkkynen et al. , 2005 and in species recognition (Waage 1979) . Empirical studies of divergent selection and sexual isolation between parapatric Calopteryx splendens populations in Sweden suggest that population divergence is primarily driven by sexual selection (Svensson et al. 2006) . Odonates have also been put forward as examples of nonadaptive radiations primarily driven by sexual selection and with a relatively minor role for natural selection (McPeek and Brown 2000) . In Europe, the phenotypically similar species C. splendens and Calopteryx virgo are sympatric over large geographic areas and are often found along the shores of the same streams and small rivers (Askew 1988) . Studies on these two European species and their congeners in North America have revealed evidence for reproductive character displacement in this genus: interspecific differences in the intensity of dark wing coloration is larger in sympatric areas than in allopatric areas (Waage 1979; Tynkkynen et al. 2004) . Reproductive character displacement has thus been documented on two different continents. Although male-male competition has apparently driven male reproductive character displacement in Europe (Tynkkynen et al. 2004) , there is also evidence for character displacement in both male (Waage 1979 ) and female mate preferences (E. I. Svensson, unpublished data) . However, the role of predator-mediated selection on these wing patches has not yet been investigated. Here, we report the results from a study of bird predation on wing morphology at a sympatric locality of C. splendens and C. virgo. The results in this study show that predation leads to differences in both the form and the direction of natural selection on these two morphologically similar congeneric species.
Material and Methods

Study Species and Ecology
The genus Calopteryx contains several different species in both the Old World and the New World (Misof et al. 2001 ). In Europe, there are four species of this genus, and two of these occur in Sweden: Calopteryx virgo and Calopteryx splendens (Askew 1988) . These two species are found along slowly running rivers and often in sympatry (Tynkkynen et al. 2004; Svensson et al. 2006) . These large insects spend several years in an aquatic larval stage and emerge as adults in late May or early June in southern Sweden (Askew 1988; Svensson et al. 2004) . Males can survive in the adult stage for several weeks, although the average adult life span is about 4 days (Svensson et al. 2006) . During the mating season, males compete for territories and females. Male mating success is strongly skewed so that most males obtain very few or no matings, whereas a few males (10%-20%) may obtain several matings (E. I. Svensson, unpublished data) . Male mating success in C. splendens is partly affected by the size of the melanized wing patches, which are targets of female choice and also have important functions in intra-and interspecific male aggressive interactions (Siva-Jothy 1999; Svensson et al. 2004; Tynkkynen et al. 2004 Tynkkynen et al. , 2005 .
Avian Predation by Wagtails
In the summer of 2000, we discovered that wagtails (genus Motacilla) are common predators on both C. splendens and C. virgo. The primary avian predator is the white wagtail (Motacilla alba alba), which is the most common representative of this genus in Sweden. However, at some localities, predation from the gray wagtail (Motacilla cinerea) and the yellow wagtail (Motacilla flava) is also frequent. Wagtails typically kill damselflies and subsequently leave wings at "slaughter stations," which are specific locations along the shoreline where wagtails regularly return to process their prey. This provided us with a unique opportunity to investigate predator-mediated natural selection from a known selective agent, which is very rare in predation studies (Reznick et al. 1996) .
Fieldwork: General Methods
As part of an ongoing, long-term population study at the river of Klingavälsån (Klingavälsåns Naturreservat), we performed daily censuses of C. splendens and C. virgo. Here, C. splendens and C. virgo are sympatric, and they are both subject to predation from white wagtails. Each day, we counted the number of damselflies of each species and sex along a several-hundred-meter-long stretch of the river (Svensson et al. 2004 ). The censuses were performed between 1000 and 1600 hours on sunny days with high damselfly activity during June, July, and early August in both 2002 and 2003. Calopteryx splendens represented about 83% of the observed live damselflies, while C. virgo represented about 17%. We also collected wings, on a daily basis, from predated C. splendens and C. virgo males and females at a total of 18 well-demarcated slaughter stations along the shoreline of the river. We found an average of wings from C. splendens males and 18.9 ‫ע‬ 4.01 9. (Cramp 1988) . The number of birds could be either lower or higher than the number of slaughter stations (18) because it is possible that individual birds may use only one or several different slaughter stations. On the basis of our observations, we can safely assume that a minimum of eight to 10 individual wagtails (two to four adults, six fledglings) were present along this river section during 2002 and 2003 and were the main predators on the damselflies. This estimate is likely to be conservative because we then assume that only one wagtail pair was breeding in the area each year. However, breeding densities of white wagtails can be very high, reaching levels of 10-36 pairs/km 2 in suitable areas, and from June onward, there is often an influx of both first-brood fledglings and adult birds to communal roosts close to aquatic areas (Cramp 1988) . The daily number of wagtails that we observed was therefore likely to underestimate the true number of birds because our counts were recorded during midday (1000 to 1600 hours), whereas wagtail roosts are formed and dissolved in late evening and early morning hours (E. I. Svensson, personal observations).
We measured the length and width of wings found at the slaughter stations (to the nearest 0.01 mm), determined the sex and species identity and measured the length of each wing, and estimated the color intensity of the dark melanized wing patch, using previously described methods (Svensson et al. 2004) . We compared the trait distribution, species composition, and wing morphology of such predated individuals with equivalent data from live individuals captured and measured at the same locality (for statistical details, see "Resampling Procedures and Selection Analyses"). All selection analyses in this article are based on males only, unless otherwise stated. Males are easily distinguished from females of both species on the basis of their conspicuous melanized wing patches (Askew 1988) .
Estimating Species-Specific Predation Risk
We estimated the total number of individuals present in each phenotypic category by dividing the gross sum of all observed individuals during all observation days of both species at Klingavälsån by 4, the average number of days males of this genus survive in the field (Svensson et al. 2006) . We further assumed that the number of dead damselflies represented among the collected wings is equal to one-quarter of the total number of all wings in each phenotypic category (each damselfly has four wings). This assumes a low predation risk because it represents a minimum estimate of the number of predated damselflies.
We compared the estimate of the number of predated damselflies with the estimated population size of live damselflies in all our statistical analyzes. These estimates of the number of dead and live individuals are far from exact and are therefore prone to some estimation error. We have assumed that the number of predated individuals (estimated from wing counts) was low, relative to the number of live individuals. As a result of these assumptions, mortality is likely to be underestimated in magnitude, which should make our statistical tests conservative. Most important, no major qualitative differences in the results or conclusions were found when we altered our assumptions about the absolute numbers of live and dead individuals.
Resampling Procedures and Selection Analyses
We estimated species-specific predation risks and selection coefficients on wing morphology using resampling procedures (with replacement), each one involving 1,000 bootstrap replications. Such resampling procedures should be appropriate in situations such as ours, when the exact number of individuals that have been subject to predation is uncertain and there is a risk of pseudoreplication. Confidence intervals (CIs; 95%-99.9%) and associated P values for all statistical tests in this article were estimated using standard procedures that are available in the software Resampling Stats (Simon 2000) . The authors, on request, will provide detailed results from all these analyses. We estimated species-specific selection gradients (Lande and Arnold 1983) on wing morphology for C. splendens and C. virgo males, with survivorship class (1 p , ) as the dependent variable and survivor 0 p predated wing patch length, patch color score, and wing length and width as independent variables. Selection gradients in this type of model will estimate directional selection on each trait, holding the effects of other traits constant in a multiple-regression framework (Lande and Arnold 1983) . The CIs (95% CIs or above) that did not overlap between the species were considered statistical evidence for a significant species difference in the form or direction of selection. Selection gradients from ordinary general linear models were similar or identical to all the gradients reported in this article, and hence the gradients reported in this article are directly comparable to the gradients that have been incorporated in previous meta-analyses (Kingsolver et al. 2001) .
Curvilinear selection coefficients (stabilizing, disruptive, and correlational selection) were estimated from surface models with survivorship class as the dependent variable and all the linear terms of all four traits, as well as all the quadratic and cross-product terms (two-way interactions), as independent variables (Phillips and Arnold 1989) . We present curvilinear selection data in the form of vectors of directional selection gradients (b) and matrices of qua- dratic and correlational selection (g; Blows and Brooks 2003) . In the g matrices, diagonal elements represent quadratic selection (stabilizing or disruptive selection), and the off-diagonal elements represent correlational selection (Sinervo and Svensson 2002; Blows and Brooks 2003) . Linear and nonlinear selection gradients were estimated in separate models (Blows and Brooks 2003) , and the significance levels for the linear gradients remained unaffected, whether estimated separately or jointly with the nonlinear terms. Trait means and the phenotypic variancecovariance matrix (the P matrix) for the selection data set are provided in table A1 to facilitate future meta-analyses (Kingsolver et al. 2001) .
To visualize correlational selection, we present threedimensional fitness surfaces and bivariate plots for most of the trait pairs that showed evidence for significant correlational selection. Fitness surfaces were visualized using cubic spline methodology (Schluter and Nychka 1994; Svensson et al. 2006) . We estimated the first direction of maximum fitness increase using projection pursuit regression (PPR; Schluter and Nychka 1994) and visualized this fitness direction in the bivariate plots along with the phenotypic correlations. The PPR estimates were obtained from a grid search for the minimum value of the general cross-validation score, followed by a subsequent bootstrap analysis involving 100 replications (Schluter and Nychka 1994; Svensson et al. 2006) .
Results
Species Differences in Wing Morphology and Amount of Melanization
Although the wings of Calopteryx virgo are larger than those of Calopteryx splendens (table 1), the interspecific differences in the size and extent of the melanized wing patch are proportionally much greater: C. virgo has black pigment covering, on average, 93% of the entire wing, whereas C. splendens has a much smaller wing patch covering, on average, only 52% of the wing (table 1) .
Seasonal Trends
The daily number of observed wagtails ( fig. 1A ) and the daily number of Calopteryx wings found at slaughter stations ( fig. 1B) ; year and neighborhood were included as factors P ! .001 in these analyses).
Species and Sex Differences in Predation Risk
When we analyzed the species evenness of the predated damselflies relative to that of the live males at the same locality, we found strong evidence for species-specific pre- Figure 2: Species-specific predation by Motacilla alba on Calopteryx splendens and Calopteryx virgo males. Male C. virgo suffered a 2.9 times higher predation risk from wagtails than did male C. splendens, and this difference was highly significant (99.9% confidence limit: 1.54-4.82; P ! ). Sample sizes (total number of males) for each species are also .001 provided in the graph. Wings of the two species are shown in the graph for comparison. Note the almost entirely melanized wings in C. virgo compared with C. splendens males. dation risk: C. virgo, which is the more exaggerated species with respect to the melanized wing patch, had almost three times higher mortality due to predation than did C. splendens ( fig. 2) . Predation risk was also strongly affected by sex: C. splendens males had a 17-fold higher risk of avian mortality compared with C. splendens females, and C. virgo males had a fivefold higher risk than C. virgo females (assuming 50% sex ratio, effects of sex; C. splendens: P ! ; C. virgo: ) . .001 P ! .001
Species-Specific Selection Gradients on Wing Morphology
The linear selection gradients differed significantly between species for all traits, as revealed by nonoverlapping 95% CIs (see "Material and Methods"; fig. 3 ). Selection against large wing patches in C. virgo ( fig. 3) is consistent with the finding of an elevated predation risk in C. virgo compared with C. splendens ( fig. 2 ). There was evidence for selection toward a smaller but darker wing patch in C. virgo, suggesting that predation selects for a higher concentration of melanin but in a smaller wing patch ( fig.  3A) . In C. splendens, we found no evidence for selection on wing patch length, but we did find selection for a lighter wing patch, that is, opposite to the direction in C. virgo ( fig. 3A) . Patterns of natural selection on the other wing traits revealed that predation selected for shorter but wider wings in C. splendens, whereas there was no evidence for directional selection on these two traits in C. virgo ( fig.  3B) . Note, however, that the differences in directional selection gradients were always significant between the two species for all four wing traits, although not all gradients were significant in themselves within each species (table  2) . Vectors of directional selection gradients (b) and curvilinear selection (g) for both C. splendens and C. virgo are presented in table 2. We found evidence for significant quadratic selection for three of the four traits in C. splendens and moderate to weak stabilizing selection for three traits in C. virgo (table 2; figs. 4, 5). Selection was stabilizing on C. splendens wing length and width, whereas it was fig. 4 ). We also found evidence for significant correlational selection involving four trait combinations in C. splendens and for three trait combinations in C. virgo (table 2) . Three of these four significant cases of correlational selection in C. splendens involved wing length (table 2) , and these are visualized as fitness surfaces in figure 4. We also illustrate correlational selection between wing length and width in C. virgo ( fig. 5 ). Note the similarity between the speciesspecific fitness surfaces (cf. figs. 4A, 5), which is also revealed by correlational selection gradients having the same sign (table 2) . We do not visualize the two cases of significant correlational selection involving wing patch darkness in C. virgo because of low variance in wing color in this species (only three color classes). Correlational selection in C. splendens favored positive combinations of wing length and width and between wing length and wing patch length ( fig. 4A, 4B ). Wing coloration was involved in negative correlational selection with wing length (fig. 4C) and positive correlational selection with wing width (fig.  4D ).
Discussion
Species Differences in Morphology and Predation Risk
Calopteryx splendens and Calopteryx virgo differ disproportionately in their secondary sexual characters (wing coloration) compared with wing length and width (table 1). The differences between C. virgo and C. splendens in other morphological traits such as total length, abdomen length, and thorax length and width are also more moderate compared with the striking wing patch differences (E. I. Svensson, unpublished data). Pronounced species differences in signaling traits but not in other morphological traits are consistent with a role for sexual selection in a past speciation process (West-Eberhard 1983) . Although the genetics of the interspecific difference in the size and color of the wing patch are not yet known in Calopteryx, molecular genetic studies of similar melanized wing patterns in several Drosophila species indicate that one or a few major genes may govern interspecific color differences (True et al. 1999) . The biochemical pathway underlying wing melanin production is phylogenetically conserved across many insect taxa (True et al. 1999; Kopp and True 2002; True 2003) , and one crucial enzymatic precursor in the pathway is phenoloxidase, which functions in both melanin formation and insect immune defense (Siva-Jothy 2000).
Our data are consistent with a predator-driven mortality cost of the extensive degree of wing melanization in C. virgo ( figs. 2, 3A) . The almost entirely black wings of C. virgo presumably make males of this species conspicuous to visual predators such as birds, thereby increasing male mortality rate. Because C. virgo is competitively superior and dominant over C. splendens in interspecific territorial interactions (Tynkkynen et al. 2005) , selective predation on C. virgo by wagtails potentially has an indirect positive effect on C. splendens (Abrams 2000) .
Linear and Nonlinear Selection on Wing Morphology
Estimates of directional selection indicated that predation favored shorter and wider wings in C. splendens, whereas there was no significant directional selection on these two traits in C. virgo ( fig. 3B; table 2 ). We found that selection favored smaller wing patches in C. virgo but not in C. splendens ( fig. 3A) , which is consistent with the data on species-specific predation risk and the hypothesis that the more melanized wings of C. virgo increase their mortality ( fig. 2) . We also found evidence of divergent selection on wing patch coloration, that is, selection for a lighter wing patch in C. splendens and a darker wing patch in C. virgo ( fig. 3A) .
Wing length and width are subject to stabilizing selection in both C. splendens and C. virgo, and these two traits also have interactive effects on survival, leading to correlational selection (figs. 4A, 5). Correlational selection Figure 4 : Three-and two-dimensional fitness surfaces (cubic splines) visualizing correlational selection between wing morphological traits in Calopteryx splendens for the four trait combinations that were found to be subject to significant correlational selection (table 2) . We show the data points, the phenotypic correlations between the traits (dashed lines), and the direction of maximum fitness increase (solid lines; obtained from projection pursuit regression analysis). Units on the vertical axis are survival ( , ) , and the units are standardized on the horizontal axes 0 p died 1 p survived ( , unit variance). Gaps and unevenness in the trait distributions of wing coloration (C, D) results from the fact that we used a visual mean p 0 color score scale involving seven discrete steps (Svensson et al. 2004) . Legends (color keys) show only colors indicating . survival ≤ 1 favored a positive correlation between wing length and width (table 2; figs. 4A, 5). Interestingly, the same pattern of correlational selection on these two traits was present in both species, and the fitness surfaces involving wing length and width were very similar in C. splendens and C. virgo (figs. 4A, 5) . Note also that the direction of the maximum fitness increase, as revealed by PPR analysis, was roughly concordant with the orientation of the phenotypic correlations in both species (figs. 4A, 5). Longer wings are thought to enhance flight speed, whereas wider wings may enhance the ability to make rapid twists and turns when being attacked by an avian predator (Hedenstrom and Rosen 2001) . Interestingly, correlational selection involving wing length has also been implicated in a study of song sparrows (Melospiza melodia; Schluter and Nychka 1994) , and correlational selection involving traits related to flight performance may be present in many other taxa. Correlational selection favors the buildup of adaptive genetic correlations between heritable traits (Sinervo and Svensson 2002) and is a key process in the evolution of phenotypic integration and modularity (Merilä and Björk-lund 2004) .
Other cases of correlational selection involved wing patch length and wing coloration in C. splendens ( fig. 4B-4D ) and wing patch length, wing length, and wing coloration in C. virgo (table 2). Estimates of both correlational selection and quadratic selection were weaker in C. virgo than in C. splendens (table 2) , and we choose to visualize only correlational selection involving one trait combination in C. virgo ( fig. 5 ). Our results indicate that C. splendens males with large wing patches can survive in the field only if they compensate for their increased detectability by having longer wings because correlational selection favored a positive correlation between wing patch length and wing length (table 2; fig. 4B ). In the more exaggerated and longer-winged species C. virgo, with its almost entirely dark wings, there was no evidence for significant correlational selection involving wing length and wing patch length (table 2) .
The combination of directional and disruptive selection on wing coloration in C. splendens (table 2; fig. 4C, 4D ) and net directional selection toward darker wings in C. virgo ( fig. 3A ) jointly indicate the existence of multiple adaptive peaks in wing coloration for these damselflies. Although net directional selection on wing patch coloration favored lighter wings in C. splendens, the presence of a significant disruptive selection component indicates that males of this species can escape avian predation by having either a lightly colored wing patch or a darker one, resembling that of C. virgo males. It is possible that these multiple adaptive peaks are contextual and dependent on the presence of both species at this sympatric locality. Such context-dependent adaptive peaks would be expected if predator-mediated selection is apostatic, which is often thought to be the case (Brown and Vincent 1992; Bond and Kamil 2002) .
Additional Implications
Although the results in this study come from only a single sympatric population, they raise the interesting possibility that predation in sympatric areas could potentially counteract the diversifying effects of interspecific male interactions. This would arise because wagtails are apparently selecting for smaller patch sizes in C. virgo and are thus favoring a male phenotype that is more similar to C. splendens. Our results provide empirical support both for those who argue that exploiters (parasites or predators) should constrain sympatric divergence (Buckling and Rainey 2002) and for the traditional view that predation may instead enhance species divergence (Brown and Vincent 1992; Abrams 2000; Doebeli and Dieckmann 2000; Rundle et al. 2003) . Predation in the Calopteryx system could be argued to favor species divergence or convergence, depending on the particular trait that is the focus of interest. For some traits, such as wing patch length, predation apparently favors convergence between C. splendens and C. virgo, whereas for other traits, such as wing patch darkness and wing width, predation apparently favors divergence ( fig. 3; table 2 ). Data from other Calopteryx populations indicate that wagtail predation is frequent and occurs at six out of nine study localities (E. I. Svensson and M. Friberg, unpublished data) . Thus, predation on these damselflies is frequent in nature and not limited to the current study population.
Predation may be a general ecological constraint on species divergence by sexual selection and has been suggested to hinder sympatric speciation by sexual selection (Higashi et al. 1999) . Theory suggests that species divergence and sympatric speciation by sexual selection should be facilitated in predator-free environments (Higashi et al. 1999) . Our results on species-specific predation risk ( fig.  2 ) and predator-mediated selection on wing patch length ( fig. 3A) partly support this idea. If predators have similar effects on sexual character divergence in other study systems, species divergence by sexual selection may often be constrained by predation. Because melanized wing patches function as a species recognition character in Calopteryx (Waage 1979) , predation may indirectly affect sexual isolation between species or populations. Models of speciation suggest that the evolution of reproductive isolation will be facilitated if the species recognition characters are also subject to natural or sexual selection, rather than being purely arbitrary characters (Felsenstein 1981; Rice and Hostert 1993; Dieckmann and Doebeli 1999; Coyne and Orr 2004; Gavrilets 2004) . Reproductive isolation between different Calopteryx species and populations could thus potentially have evolved as a correlated (pleiotropic) response to predator-mediated selection on these melanized wing patches, although the relative roles of sexual and natural selection remain to be clarified.
Conclusions
The effects of predator-mediated natural selection have seldom been studied in natural populations, although such selection studies are clearly needed to understand the evolutionary consequences of predation and other ecological interactions (Ridenhour 2005) . Our results provide empirical support for a causal link between strong sexual selection and mortality risk, in accordance with results from recent comparative studies (Doherty et al. 2003) . Differences in the extent of sexual ornamentation of sympatric congeneric species can thus have strong consequences for local species extinctions, species coexistence, species divergence, and sexual isolation. Literature Cited
